The application of organic amendments to contaminated agricultural lands can immobilize metals and improve soil conditions. The chemical structures and long-term stability of commercial humic substances and other composted organic amendments (sheep and horse manure, vermicompost, pine bark, and pruning waste) were analyzed using 13 C CPMAS NMR, FT-IR, and DSC to evaluate their use in soil remediation. The interactions of humic substances and manure with Cu (0 and 5000 mg kg −1 ) at different pH (2.5 and 5.0) were studied through a batch adsorption experiment observing the changes in their molecular structure using spectroscopic techniques. Humic substances exhibited high aromaticity and phenolic and carboxylic group content, with great affinity for Cu complexation. Humic substances and pruning waste were the most stable due to their high recalcitrant organic matter contents, whereas manure was the least stable, given the labile nature of its organic matter content. There were considerable changes in the carboxylic and phenolic groups of humic substances with pH, and also with Cu, albeit in a lesser extent, especially at pH 5.0, suggesting the great sorption capacity of humic substances and the key role of pH and these functional groups in metal complexation. Manure did not exhibit such changes. Commercial humic substances could be useful amendments for the remediation of contaminated agricultural soils due to their high sorption capacities and long-term stability.
Introduction
The contamination of agricultural soils with heavy metals is a widespread threat for human and animal health. Metal accumulation reduces plant growth and soil microbial activity, affects soil functioning, and may endanger nearby soils and water ecosystems, as well as increasing their transfer to the food chain [1] [2] [3] . Copper (Cu) is one such hazardous metal. Despite being an essential micronutrient for all living organisms in natural ecosystems, Cu is also a toxic pollutant when its concentrations are high. Mean Cu concentration in non-polluted soils is 20-30 mg kg −1 ; meanwhile, the were discarded owing to residual moisture loss. The areas under the DSC curves were divided into three groups representing different degrees of resistance to thermal oxidation [16] : (a) 200-375 • C, this fraction is attributable to labile organic matter, mainly comprising carbohydrates and other aliphatic compounds such as cellulose, lipids, and amino acids; (b) 375-475 • C, mostly attributable to recalcitrant organic matter, such as lignin or other polyphenols; and (c) 475-550 • C, corresponding mainly to highly recalcitrant organic matter, such as polycondensed aromatic substances.
Study of Cu Interaction with Organic Amendments
A batch adsorption experiment was performed with HS and M to study the interactions of these materials with different concentrations of Cu, which was based on previous works [8, 9] .
The experiment was performed under different pH conditions (2.5, 5.0 and 8.0) to study the influence of pH on Cu sorption onto organic materials. However, data from pH 8.0 were finally dismissed due to Cu precipitation.
The batch experiment was carried out in triplicate using 40 mL polyethylene centrifuge tubes containing 0.5 g of sample (HS or M) and 20 mL of deionized water. The pH was initially adjusted (micropH 2000 pH meter, Crison, Spain) to 2.5, 5.0, or 8.0 by the addition of diluted NaOH or HCl, and samples were shaken for 1 h.
After shaking, the required amount of Cu (0 mg L −1 as control, HS0 and M0; and a treatment with 100 mg L −1 equivalent to 5000 mg kg −1 , HS100 and M100) was added from a stock solution of CuCl 2 (2500 mg L −1 of Cu) dissolved in deionized water.
After Cu addition, the ionic strength was adjusted (microCM 2200 conductivity meter, Crison, Spain) by the addition of 0.5M NaCl using a reference solution of 0.3M NaCl. The suspension was made up to 25 mL and the pH was readjusted. Samples were then shaken again for 24 h and centrifuged at 9000× g for 30 min. The solid residue was collected in ceramic crucibles that were sealed with paraffin film and frozen for two days; then, these samples were freeze-dried using a Telstar Cryodos (Telstar, Spain) for 48 h at −40 • C and a pressure between 0.01 and 0.3 mbars. The freeze-dried material of all three replications of the same pH and Cu concentration treatment was collected together to be analyzed by 13 C CPMAS NMR and FT-IR techniques, as described in Sections 2.3 and 2.4.
Results and Discussion

Initial Characterization of the Organic Amendments
Elemental Analysis
The results of the elemental analysis (Table 1) showed that HS and PB had the highest carbon content, whereas M had the lowest. A high C/N ratio suggests a high stability and condensation degree, as well as an extended humification degree of organic matter [21, 22] . The amendments HS and PB showed the highest C/N values, which agreed with the stability conferred by the presence of recalcitrant organic matter and low content in labile organic matter revealed by their thermal analysis (see Section 3.1.4) . In contrast, the lowest C/N ratio was shown by M, since manure usually has a high N content [23] , with a thermogram (Section 3.1.4) showing a high content in labile organic matter. The H/C ratio represents the aliphaticity of the organic matter. High H/C values indicate that the organic matter is mainly aliphatic, whereas low values indicate a high content of aromatic compounds [21, 24, 25] . These H/C ratios generally correlated with the results obtained from NMR analysis (Section 3.1.2), with HS and PB being the amendments with lowest aliphaticity and most aromaticity. Soler-Rovira et al. [2] reported negative correlations between the H/C ratio and the Cu complexion capacity of humic substances due to the greater contribution of aromatic functional groups for the adsorption of Cu compared to aliphatic. Other authors found negative correlations between the H/C and N/C ratios of humic substances with thermal stability [26, 27] , showing a higher degree of stability of HS and PB and a lower one for M, which agreed with the results obtained from the DSC analysis of these amendments (Section 3.1.4).
On the other hand, the C/O ratio is an indicator of polarity due to the presence of polar functional groups, such as carboxyl or phenolic; a low C/O ratio indicates a high polarity, which could be an indicator of a better ability to interact with metals [25, 28] . Among the amendments, HS and PB were the least polar, while M was the most.
Solid state 13 C CPMAS NMR Spectra
Comparing the spectra of the five organic amendments, it was observed that HS exhibited a different spectrum ( Figure S1 ), suggesting that this amendment had a considerably different chemical structure. The main peaks of the spectra were integrated and the results are shown in Table 2 . It can be observed that the highest content in aliphatic C occurred in PW (75.0%), followed by M (72.3%); HS (52.7%) and PB (67.3%) had the lowest. Tapia et al. [3] also found a higher aliphatic C content in pruning waste and a lower one in pine bark compost in comparison to other organic amendments. Despite the lowest total content of aliphatic C in HS, this amendment presented the highest content in long-chain aliphatic compounds (alkyl, 0-45 ppm, 34.2%). Large signals in this aliphatic region may be produced by the presence of fatty acids and humic acids with aliphatic structures or the presence of recalcitrant hydrophobic components related to cutin and suberin [3, 17, 29] . In contrast, PB exhibited the lowest signal in this alkyl region (0-45 ppm, 6.3%), but the highest in carbohydrates such as cellulose and hemicellulose (O-alkyl, 60-95 ppm, 44.5%), whereas HS had a considerably lower content (60-95 ppm, 9.5%) compared to the other amendments. These alkyl groups are usually degraded during composting, producing aromatic, phenolic, and carboxylic groups [3, 29, 30] . However, PB might have undergone less change than the others during composting, which correlates with the high C/N ratio of PB (Table 1 ) and the low carboxyl content of this amendment ( Table 2) . Similar results were observed by Tapia et al. [3] in pine bark compost compared with other amendments.
The HS had the highest aromatic C content (39.7%), especially in the region at 110-140 ppm, where there is a peak at 128 ppm ( Figure S1 ) which may be attributed to C and H substituted aromatic C in lignin. The phenol content (140-160 ppm) was quite similar in all amendments, although it was slightly higher in HS and PB. These aromatic structures are known to be involved in the reactions between metals and humic substances [7, 24, 25] .
In the region assigned to carboxylic groups (160-190 ppm), HS and VC showed the highest amounts (7.5 and 10.0%, respectively). It may be noted that both amendments could be useful to stabilize metals in contaminated soils, considering that carboxylic groups have the highest metal affinity [7] .
Regarding the carbonyl region (190-220 ppm), there were no appreciable signals in these amendments, except a low PB content. Other authors have also reported the absence of carbonyl groups, attributed to aldehydes, ketones, and quinones, in humic substances [31] .
FT-IR Spectra
All the amendments exhibited different FT-IR spectra, especially in the region below 1800 cm −1 (see Figure 1 ), with HS showing most pronounced differences in the NMR analysis, suggesting a dissimilar chemical structure of this amendment.
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All the amendments exhibited different FT-IR spectra, especially in the region below 1800 cm −1 (see Figure 1 ), with HS showing most pronounced differences in the NMR analysis, suggesting a dissimilar chemical structure of this amendment. Every amendment showed a band at around 3300 cm −1 which corresponded to the H-bonded O-H stretching of carboxyl, phenol, and alcohol. All the amendments exhibited another band at around 2930 cm −1 , and PW, VC, and HS showed another at 2848 cm −1 , representing the stretching of C-H in the -CH3 and -CH2 of aliphatic structures [2, 3, 11, 32, 33] .
Additionally, a band was shown at 1663-1674 cm −1 in PW, VC, and M that represents the C=O stretching of amide groups (amide I band). The spectra of PW, PB, and M showed a band around 1510 cm −1 which is attributable to the C=N stretching of amides (amide II band), COO-symmetric stretching, and N-H deformation. Every amendment also showed a band at 1575-1597 cm −1 which was most intense in HS; this band was attributed to the aromatic C=C and C=O stretch of H-bonded ketones and carboxylate groups [2, 9, 11, 20, 32, 33] . Every amendment showed a band at around 3300 cm −1 which corresponded to the H-bonded O-H stretching of carboxyl, phenol, and alcohol. All the amendments exhibited another band at around 2930 cm −1 , and PW, VC, and HS showed another at 2848 cm −1 , representing the stretching of C-H in the -CH 3 and -CH 2 of aliphatic structures [2, 3, 11, 32, 33] .
Additionally, a band was shown at 1663-1674 cm −1 in PW, VC, and M that represents the C=O stretching of amide groups (amide I band). The spectra of PW, PB, and M showed a band around 1510 cm −1 which is attributable to the C=N stretching of amides (amide II band), COO-symmetric stretching, and N-H deformation. Every amendment also showed a band at 1575-1597 cm −1 which was most intense in HS; this band was attributed to the aromatic C=C and C=O stretch of H-bonded ketones and carboxylate groups [2, 9, 11, 20, 32, 33] .
All the spectra had a signal between 1406 and 1451 cm −1 , while PB and HS showed another at around 1360 cm −1 , corresponding to the -COO-antisymmetric stretching of carboxylic acids, -O-Hdeformation, and the C-O stretching of phenols and C-H deformation of -CH 3 [2, 11, 20, 32, 33] .
There was a peak that appeared in PB at 1275 cm −1 , which may be attributed to the C-O stretching and O-H bending deformation of carboxylic groups, as well as the C-O stretching of aryl ethers and -C-N-stretching of amide groups (amide III) [2, 11, 20, 32, 33] . Sn appreciable peak at 1117 cm −1 in HS could be also observed, corresponding to aromatic ring bending and -C-O-C stretching of alkyl ethers [32] , which indicates a high degree of humification due to its great content in humic acids, according to Tapia et al. [3] .
All the amendments showed an intense band between 1030 and 1047 cm −1 , attributable to stretching vibrations of -C-O-of aromatic and aryl ethers and alcohols, as well as of polysaccharides [2, 3, 11, 32, 33] ; this was also shown in the NMR spectra (see Table 2 ). However, this band was less intense in HS, reflecting the presence of significant levels of labile compounds such as cellulose and hemicellulose carbohydrates in all the studied amendments except HS.
Finally, every amendment had several bands between 762 and 910 cm −1 that could be attributed to the out-of-plane bending of aromatic C-H [32, 33] , and some bands at 60-700 cm −1 that correspond to aromatic ring bending [32] .
DSC Thermal Analysis
A thermal analysis of HS (see Figure 2 ) showed some endothermic peaks below 200 • C, which are attributed to dehydration processes, the thermal decarboxylation of acid groups, and/or to the loss of peripheral polysaccharide chains [11] [12] [13] [14] [15] 26] . The HS amendment also showed small exothermic shoulders at around 300 • C (labile organic matter) and 400 • C (recalcitrant organic matter), as well as another at 500 • C, that is attributed to the oxidation and polycondensation of the aromatic nuclei of humic molecules, corresponding to highly thermostable and recalcitrant lignin structures [11] [12] [13] [14] [15] [16] 26] . All the spectra had a signal between 1406 and 1451 cm −1 , while PB and HS showed another at around 1360 cm −1 , corresponding to the -COO-antisymmetric stretching of carboxylic acids, -O-Hdeformation, and the C-O stretching of phenols and C-H deformation of -CH3 [2, 11, 20, 32, 33] .
A thermal analysis of HS (see Figure 2 ) showed some endothermic peaks below 200 °C, which are attributed to dehydration processes, the thermal decarboxylation of acid groups, and/or to the loss of peripheral polysaccharide chains [11] [12] [13] [14] [15] 26] . The HS amendment also showed small exothermic shoulders at around 300 °C (labile organic matter) and 400 °C (recalcitrant organic matter), as well as another at 500 °C, that is attributed to the oxidation and polycondensation of the aromatic nuclei of humic molecules, corresponding to highly thermostable and recalcitrant lignin structures [11] [12] [13] [14] [15] [16] 26] . Figure 6 ) showed an exothermic peak between 310 and 335 °C, which is considered labile organic matter [16] and is attributed to the loss of amidic groups of polypeptidic structures and the combustion of carbohydrates and other aliphatic compounds [12] [13] [14] [15] 26] . The authors suggested that this exotherm is related to the humification status of organic materials, because its intensity decreases with composting time due to the incorporation and stabilization of peptidic structures in the humic Figure 6 ) showed an exothermic peak between 310 and 335 • C, which is considered labile organic matter [16] and is attributed to the loss of amidic groups of polypeptidic structures and the combustion of carbohydrates and other aliphatic compounds [12] [13] [14] [15] 26] . The authors suggested that this exotherm is related to the humification status of organic materials, because its intensity decreases with composting time due to the incorporation and stabilization of peptidic structures in the humic molecules. The most intense peak was shown by M, indicating its high carbohydrate content, which agreed with our FT-IR (see Figure 1 ) and 13 C CPMAS NMR analyses (see Table 2 ).
There were other peaks between 430 and 479 • C which are attributable to the oxidation of aromatic carbons like lignin or polyphenols, and are considered as recalcitrant organic matter [16, 26] . In the cases of VC, PB, and PW, these peaks were sharp and narrow, and are frequently associated with soil organic matter precursors such as plant leaves, which are usually present as two or more well-separated peaks between 460 and 480 • C [26] .
Thermograms of HS and PW showed an exothermic peak between 475 and 550 • C which is attributable to the highly recalcitrant forms of organic matter, such as polycondensed aromatic compounds (humic acids, humin, and black carbon) [11] [12] [13] [14] [15] [16] 26] .
Comparing the thermal analyses of the five studied amendments, it was observed that M had the highest content in labile organic matter, resulting the least stable amendment. Conversely, the amendments with the highest content in highly recalcitrant organic matter were PW and HS, making them the most stable and able to retain metals over long periods of time.
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Interaction of Cu with Organic Amendments
After the spectroscopic and DSC characterization of the organic amendments, it can be concluded that M showed considerably different structural characteristics than HS. Thus, these two organic materials were selected to evaluate the adsorption of copper on their functional groups and to determine the influence of pH conditions.
Solid-state 13 C CPMAS NMR Analysis of the Interaction with Cu
Several works [18, 20, 24, [34] [35] [36] [37] [38] [39] [40] [41] [42] have previously used this technique to characterize humic substances, soil organic matter, or other organic materials after reactions with paramagnetic metals, such as Cu, by observing changes in the signal intensities, relaxation rate changes, chemical shifts, and peak broadening attributable to the different functional groups involved in sorption mechanisms, such as carboxylic and phenolic groups, which interact strongly with Cu [7] . These changes reflect alterations in the electronic environment and in the relaxation rates of nuclei close to 
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Solid-state 13 C CPMAS NMR Analysis of the Interaction with Cu
Several works [18, 20, 24, [34] [35] [36] [37] [38] [39] [40] [41] [42] have previously used this technique to characterize humic substances, soil organic matter, or other organic materials after reactions with paramagnetic metals, such as Cu, by observing changes in the signal intensities, relaxation rate changes, chemical shifts, and peak broadening attributable to the different functional groups involved in sorption mechanisms, such as carboxylic and phenolic groups, which interact strongly with Cu [7] . These changes reflect alterations in the electronic environment and in the relaxation rates of nuclei close to the paramagnetic metal ion [18] . Smernik and Oades [41] suggested that signal loss and broadening in solid-state 13 C NMR may be caused by the loss of magnetic field homogeneity affecting all 13 C nuclei non-selectively; however, when the ferromagnetic species is present in organo-mineral complexes or at cation exchange sites, it induces selective signal losses localized to the close environment of the ferromagnetic species via interactions between electronic and nuclear spins, as is the case with Cu, due to its high affinity for organic matter. Additionally, pH can also modify these signals by changes in chemical shifts due to the different degree of dissociation of the functional groups under different pH conditions [43] .
The 13 C NMR spectra of HS samples are shown in Figure S2 , and the results from a semi-quantitative analysis of their functional groups is shown in Table 3 . Table 3 . Relative areas (% of total area) of the chemical shift (ppm) regions in 13 In the aliphatic region, the treatments of HS at pH 5.0 showed a considerably higher signal in alkyl (0-45 ppm) and a slightly lower in di-O-alkyl (95-110 ppm) compared with those at pH 2.5. However, there were no clear trends in N-alkyl (45-60 ppm) and O-alkyl (60-95) with pH. Regarding differences between Cu concentrations, HS experienced an important decrease in the alkyl region with increasing Cu at pH 5.0. Sh et al. [34] also reported a significant decrease in alkyl C due to metal binding by aliphatic protons. Other authors also suggested that signal losses in this alkyl region could be due to important binding sites consisting of carboxyl groups clustered in short-chain aliphatic dibasic structures [18, 35, 38] . In contrast, there was an increase in the other aliphatic regions with higher Cu at pH 5.0, especially in N-alkyl. Other works have suggested that the adsorption phenomena in humic substances under relatively low pH conditions, e.g., pH 4-5, could be due to the complexation of Cu with nitrogen-containing groups, like this N-alkyl region [8] . Changes in the O-alkyl (60-95) and Di-O-alkyl (95-110) regions with Cu could be the result of binding by carbohydrates such as uronic acids [36, 38, 41] . At pH 2.5, the signal changes with Cu in these aliphatic regions were not remarkable.
Regarding the aromatic region (110-140 ppm), its signal in HS was considerably lower at pH 5.0 than at pH 2.5. The aromatic content slightly increased with Cu concentration at pH 2.5, but there were no important differences at pH 5.0. The phenolic region (140-160 ppm) in HS exhibited a lower signal at pH 5.0, as was the case with the aromatic region, due to signal shifts caused by the ionization of these groups [43] . There was a slight increase in phenolic content with increasing Cu due to the involvement of this functional group in metal retention [7, 24] , which was more pronounced at pH 5.0 because of the lower proton competition and the higher negative charge by deprotonation [8, 25, 44] .
The carboxylic region (160-190 ppm) was also lower at pH 5.0 due to signal shifts by its dissociation at a higher pH [43] . At pH 2.5, there were no remarkable differences between Cu concentrations, given the high level of competition between Cu and protons and the reduced negative charge of functional groups, as explained above [8, 25, 44] . Nevertheless, there was a slight drop in HS100 compared with HS0 at pH 5.0, which might be attributable to the strong interaction of Cu with this functional group, whose complexes are the preferred mechanism for Cu adsorption [7] . Similar results were obtained by previous authors [20, 24, 34, 35, 39] , who reported a reduction in the intensity of this carboxylic region with increasing metal loadings due to chemical shift or peak broadening caused by the formation of carboxyl-metal complexes.
On the other hand, there were no appreciable peaks in the carbonyl region (190-220 ppm) in any of the studied samples of HS.
The NMR spectra of manure compost (M) are shown in Figure S3 ; the contents in the different functional groups of its treatments are also shown in Table 3 .
In the aliphatic region, there was a lower signal in alkyl and N-alkyl in M at pH 5.0 than at pH 2.5, whereas O-alkyl and di-O-alkyl were similar at both pH conditions, except for an observed increase of O-alkyl in M100 at pH 5.0. If Cu concentrations are compared, it is noticeable that the O-alkyl signal increased with higher Cu concentrations at pH 5.0, as was the case with HS, whereas the other regions (alkyl, N-alkyl, and di-O-alkyl) did not experience such remarkable differences with Cu, i.e., neither at pH 2.5 nor at pH 5.0.
The signals of aromatic and phenolic groups in M were similar at pH 2.5 and pH 5.0, showing that the signals were not affected by the ionization of these groups, contrary to what happened in HS. Comparing Cu concentrations, the signal in the aromatic groups slightly decreased with increasing Cu at both pH conditions, whereas phenolic remained similar.
The carboxylic signal was slightly higher at pH 5.0 than at pH 2.5. Additionally, a slight decrease in this carboxylic region in M100 could be appreciated when compared with M0, mainly at pH 5.0, which might be indicative of a greater extent of complexation of Cu with this functional group when it is deprotonated, as was the case with HS. These changes with Cu in the carboxylic group but not in the phenolic group suggests a stronger metal binding capacity of the low proton affinity sites (carboxylic-type) of humic substances than the high proton affinity sites (phenolic-type), as defined by the NICA-Donnan model [45] .
Regarding the carbonyl region, M0 at pH 5.0 showed a signal that did not occurr in the other treatments due to the possible presence of aldehydes and ketones.
The effects of Cu and pH on the signals of the different functional groups were considerably greater in HS than in M, which suggests a higher sorption capacity of HS through the formation of complexes with this metal, given its higher aromaticity and content in phenolic and carboxylic groups than M. However, in HS, the effect of pH was greater than the presence of Cu. The protonation/deprotonation of its functional groups play a more important role in the differences among NMR spectra. Preston and Schnitzer [43] reported the important contribution of pH to signal distortion in the 13 C spectra of humic substances, finding that a greater level of dissociation of carboxyl and phenolic groups with increasing pH moved their peaks downfield. This might explain the lower signals of carboxyl and phenolic and the higher of aliphatic groups observed in this study in HS at pH 5.0 in comparison to pH 2.5, probably due to a shift downfield from the former to the latter functional groups.
Additionally, it is noticeable that in both HS and M, Cu effects were greater at pH 5.0 than at pH 2.5. At low pH, there may be a lower complexation of Cu, and therefore, smaller differences in signals, probably due to the competence between H + and Cu 2+ for the functional groups of the organic matter, or to a reduction of their negative charges by protonation [8, 25, 44] . Zhang et al. [24] also observed smaller effects in metal reactions with the functional groups of humic substances under low pH conditions.
FT-IR Analysis of the Interaction with Cu
We also compared the FTIR spectra of the HS and M amendments under different Cu (HS0 and HS100, M0, and M100) and pH conditions (pH 2.5 and 5.0).
The FT-IR spectra of the treatments with humic substances (HS) are shown in Figure 7 .
In the spectra of HS treatments several peaks can be observed between 3220-3700 cm −1 , attributable to the O-H stretching of alcohols, phenols, and carboxyl [3, 11, 32, 33] , whose intensity increased at pH 5.0 in comparison to pH 2.5. Signals of some of these peaks, i.e., around 3620 and 3690 cm −1 , were lower in HS100 than in HS0 at pH 5.0. This drop of absorption with increasing Cu suggests the binding of this metal by these OH groups, such as phenol and carboxyl. Boguta and Sokolowska [46] also observed decreasing intensities at these bands with the addition of Zn to different humic acids, due to metal binding by OH groups, whereas Boguta et al. [47] reported higher intensities with Fe because of the involvement of OH groups in metal complexation by the production of aqua-complexes. Álvarez-Puebla et al. [8] also observed changes in the signals of these bands due to the formation of complexes of Cu with carboxylic acid groups. Additionally, these authors suggested the formation of copper hydroxide at pH 4-6, shown by the increased intensity of bands around 3300-3400 cm −1 . In the spectra of HS treatments several peaks can be observed between 3220-3700 cm −1 , attributable to the O-H stretching of alcohols, phenols, and carboxyl [3, 11, 32, 33] , whose intensity increased at pH 5.0 in comparison to pH 2.5. Signals of some of these peaks, i.e., around 3620 and 3690 cm −1 , were lower in HS100 than in HS0 at pH 5.0. This drop of absorption with increasing Cu suggests the binding of this metal by these OH groups, such as phenol and carboxyl. Boguta and Sokolowska [46] also observed decreasing intensities at these bands with the addition of Zn to different humic acids, due to metal binding by OH groups, whereas Boguta et al. [47] reported higher intensities with Fe because of the involvement of OH groups in metal complexation by the production of aqua-complexes. Álvarez-Puebla et al. [8] also observed changes in the signals of these bands due to the formation of complexes of Cu with carboxylic acid groups. Additionally, these authors suggested the formation of copper hydroxide at pH 4-6, shown by the increased intensity of bands around 3300-3400 cm −1 .
The intensity of bands between 2848-2930 cm −1 , attributable to aliphatic C-H [2, 3, 11, 32, 33] , increased at pH 5.0 compared to pH 2.5. These bands also decreased with increasing Cu at pH 5.0, whereas they were not different at pH 2.5.
Samples of HS from this interaction experiment (HS0 and HS100) showed a band at 1700-1720 cm −1 that did not appear in the spectrum shown in Figure 1 , and which is attributable to the stretching of -C=O-of carboxyl and carbonyl groups [8, 9, 11, 20, 32, 33] . This band was less intense at pH 5.0 than at pH 2.5. Additionally, the intensity of this band decreased with increasing Cu at both pHs, especially at pH 2.5. Similar results were observed by Álvarez-Puebla et al. [8] , who reported the The intensity of bands between 2848-2930 cm −1 , attributable to aliphatic C-H [2, 3, 11, 32, 33] , increased at pH 5.0 compared to pH 2.5. These bands also decreased with increasing Cu at pH 5.0, whereas they were not different at pH 2.5.
Samples of HS from this interaction experiment (HS0 and HS100) showed a band at 1700-1720 cm −1 that did not appear in the spectrum shown in Figure 1 , and which is attributable to the stretching of -C=O-of carboxyl and carbonyl groups [8, 9, 11, 20, 32, 33] . This band was less intense at pH 5.0 than at pH 2.5. Additionally, the intensity of this band decreased with increasing Cu at both pHs, especially at pH 2.5. Similar results were observed by Álvarez-Puebla et al. [8] , who reported the presence of a peak at 1710 cm −1 in humic substances at pH 2.0 whose intensity decreased with higher pH and greater Cu concentrations, suggesting that this metal was mainly adsorbed as [Cu(H 2 O) 6 ] 2+ at low pH, and that the formation of complexes with carboxylic acid is the predominant Cu adsorption mechanism. Additionally, other works [9, 20, 46] also observed decreasing signals in this band with the interaction of Cu, Cr, and Zn due to their complexation with the carboxyl group.
On the other hand, the signals of the peaks between 1575 and 1590 cm −1 , corresponding to aromatic C=C and C=O of ketones and carboxyl [2, 11, 20, 32, 33] , exhibited a greater intensity at pH 5.0 than at pH 2.5. Boguta et al. [47] reported that this band at low pH was broadened and shifted due to a possible rearrangement of the coordination between humic acids and the metal ion. Inversely, Zhang et al. [24] reported a decreasing intensity with higher pH at 1540 cm −1 . In this band there were not important differences between Cu concentrations at either pH. However, Huang et al. [20] observed changes at 1614 cm −1 with the addition of Cr(VI), although the reaction involved was the reduction of this metal ion, instead of its complexation; other authors [46, 47] have also reported increasing intensities at this band with higher Fe and Zn concentrations, especially at higher pH conditions due to the increase of negative charge on humic surfaces and the lower competition with protons [44] .
It was also possible to observe a peak at 1400-1470 cm −1 , attributable to the -COOantisymmetric stretching of carboxylic acids and the C-O stretching and O-H deformation of phenolic groups [2, 11, 20, 32, 33] , that was reduced at pH 5.0 compared to pH 2.5. The intensity of its band also decreased with increasing Cu concentration, even disappearing in HS100 at pH 5.0, and a shift to higher wavenumbers of the peak 1433 cm −1 in HS0 (1429 cm −1 in HS 100 spectrum) at pH 5 was observed, similar to the results obtained by Silvetti et al. [48] who studied the Cu adsorption capacity of humic acids, suggesting a bidentate chelating mode for Cu with the carboxylic groups. These results were consistent with those of previous studies [8, 20, 46] , in which this band changed its intensity with the addition of metals (Cu, Cr, and Zn), providing evidence of interactions between metal ions and carboxylic and phenolic groups. Boguta et al. [44] suggested that COOH and OH groups have a strong propensity for Cu binding, even under acidic pH conditions, despite the fact that these groups are considered to be dissociated only at high pH.
There was also an appreciable peak at 1210-1220 cm −1 , corresponding to the C-O stretching of aryl ethers, the O-H deformation of carboxylic acid, and the C-N-stretching of amide groups [2, 11, 20, 32, 33] , that was not observed in the spectrum of Figure 1 . This band was less intense at pH 5.0 and disappeared with 100 mg L −1 of Cu (HS100), whereas at pH 2.5 it did not show great variation due to the higher amount of non-dissociated carboxyl groups [46] . Other studies [8, 9, 20, 46, 47] also observed a decreasing intensity of this band with higher concentrations of metals (Cu, Cr, Fe, and Zn), corroborating the important role of COOH groups as active centers for metal complexation. In contrast to our results, Boguta and Sokolowska [46] showed that part of the signal of this band did not disappear at pH 5.0, suggesting that not all carboxylic groups are involved in metal binding, probably due to steric effects.
In addition, the spectra showed a band at around 1040 cm −1 , attributable to the stretching of -C-Oin aromatic and aryl ethers, alcohols, and polysaccharides [2, 3, 11, 32, 33] , that was considerably higher at pH 5.0 than at pH 2.5. Comparing the treatments with different Cu concentrations, the intensity of this band decreased with increasing Cu at pH 5.0, whereas at pH 2.5, there were no appreciable changes. Similar results were obtained by previous works [46, 47] , which observed changes in this band with increasing metal (Zn and Fe) concentrations which are probably associated with complexation by alcoholic/polysaccharide CO and OH groups.
Another noticeable change in the spectra of HS was an increase with higher pH but a decrease with higher Cu in the band around 910 cm −1 , which belongs to aromatic C-H, and in the band around 569 cm −1 , attributed to aromatic ring bending [32, 33] .
The FT-IR spectra of sheep and horse manure compost (M) are shown in Figure 8 . The interactions of Cu with the functional groups of this amendment and the effect of pH were weaker than those in HS, as observed in the 13 C NMR analysis. Nevertheless, a slight increase at pH 5.0 of the band between 3300-3500 cm −1 was observed; this was attributable to vibrations of O-H bonds in alcohols, phenols, and carboxyl. This increase at higher pH could be due to the presence of hydroxides of Cu or other metals that could have caused the peaks shown in this band [8] , as explained. Additionally, at pH 5.0, there was a lower intensity at 760-800 cm −1 , corresponding to aromatic compounds, whereas at this pH, signals at 569-576 cm −1 were higher than at pH 2.5, as with HS. However, the addition of Cu did not markedly affect the intensity of these bands.
explained. Additionally, at pH 5.0, there was a lower intensity at 760-800 cm −1 , corresponding to aromatic compounds, whereas at this pH, signals at 569-576 cm −1 were higher than at pH 2.5, as with HS. However, the addition of Cu did not markedly affect the intensity of these bands. The results obtained from 13 C NMR and FT-IR analyses indicated the higher interaction of Cu with the functional groups of HS than those of M, with the phenolic and especially the carboxyl being the groups which were most responsible for Cu complexation. This interaction was greater under relatively high pH conditions (pH 5.0).
Conclusions
Commercial humic substances were the organic amendment with the greatest capacity for Cu complexation among the studied organic amendments due to their high phenolic and carboxylic functional group contents, providing a good means by which to retain Cu in contaminated environments. Additionally, this amendment was the most thermostable due to its highly recalcitrant organic matter, with a great ability to retain metals for longer periods of time. Spectroscopic analyses, such as solid-state 13 C NMR and FT-IR, resulted in the identification of the complexation sites at which Cu was bounded to organic matter, showing localized changes in the spectra under different conditions. The pH was the key factor that affected the chemical structure of the humic substances, The results obtained from 13 C NMR and FT-IR analyses indicated the higher interaction of Cu with the functional groups of HS than those of M, with the phenolic and especially the carboxyl being the groups which were most responsible for Cu complexation. This interaction was greater under relatively high pH conditions (pH 5.0).
Commercial humic substances were the organic amendment with the greatest capacity for Cu complexation among the studied organic amendments due to their high phenolic and carboxylic functional group contents, providing a good means by which to retain Cu in contaminated environments. Additionally, this amendment was the most thermostable due to its highly recalcitrant organic matter, with a great ability to retain metals for longer periods of time. Spectroscopic analyses, such as solid-state 13 C NMR and FT-IR, resulted in the identification of the complexation sites at which Cu was bounded to organic matter, showing localized changes in the spectra under different conditions. The pH was the key factor that affected the chemical structure of the humic substances, to even a greater extent than Cu concentration, enhancing the interaction between the metal and the organic amendments under high pH conditions.
Our results suggest that commercial humic substances derived from leonardite could be a useful amendment for the remediation of metals in contaminated agricultural soils due to its high capacity for metal complexation, especially under slightly acidic pH conditions (pH ≥ 5), and to the great stability of its organic matter and the ability to avoid releasing retained metals over long periods of time.
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